The removal of helminth ova, faecal coliforms, Salmonella and protozoan cysts by the application of physicochemical treatment processes to municipal wastewater and sludge was studied. In the first case, the advanced primary treatment (APT) process was studied, as well as filtration of the APT effluent. The APT sludge was treated with either lime or acid. The initial values of helminth ova, faecal coliforms, Salmonella and protozoan cysts in the wastewater were 23-27 eggs/L, 7.8×10 7 -6.5×10 8 MPN/100mL, 4.5×10 5 -2.4×10 6 MPN/100mL, and 1,007-1,814 cysts/L respectively. After APT treatment, 96% of the helminth ova, 1 log of faecal coliforms and Salmonella, and 67% of the protozoan cysts were eliminated. To reduce the concentration of helminth ova from values >1.2 ova/L to <1 ova/L an additional filtration step was required. In the sludge, the initial values of helminth ova, faecal coliforms and Salmonella were 65-120 ova/g TS, 8.3×10 7 -1.4×10 11 MPN/g TS and 3.6×10 6 -2.4×10 10 MPN/g TS respectively. A 97% reduction of the helminth and an 8.5 log reduction of faecal coliforms and Salmonella was achieved by alkaline stabilisation, compared with a 98% and 4.5 log reduction by acid treatment.
Introduction
Wastewater and the sludges generated during wastewater treatment are important alternatives for reuse as fertilisers and soil ammendments given that they contain organic and inorganic compounds that are part of the natural nutrient cycles (Bastian; 1997) . Nevertheless, they also represent a source of infection given their high content of pathogenic microorganisms especially in developing countries where low socioeconomic conditions result in poor sanitation and public health. To allow the reuse of wastewater and sludge, it is desirable to use technologies that minimise the removal of nutrients yet reliably remove the high pathogen concentrations, particularly helminth ova, which present a high health risk (Cifuentes et al., 1993) .
The physicochemical treatment processes evaluated in this research are shown in Tables 1 and 2 for wastewater and sludge respectively. The research objective was to achieve the removal of pathogens and indicator organisms from the wastewater and sludge to levels that would permit their reuse. Table 1 Examples of physicochemical treatment process for wastewater (Jiménez, 1995; Landa et al., 1997; Jiménez et al., 1999 Jiménez et al., , 2000 Type Characteristics
Advanced primary treatment After grit removal a coagulation-flocculation process follows, the coagulant (APT)
is added (aluminium sulfate or ferric chloride) as well as a small amount of flocculant achieving between 80 and 85% removal of TSS Upflow filtration with sand Consists of passing primary or secondary effluent through a porous and a synthetic medium material that retains the solids (helminth ova) and lets the liquids pass, producing an effluent of constant quality
Materials and methods
A total of 30 samples of wastewater from Mexico City were treated by five different APT technologies followed by upflow filtration with a sand and synthetic medium. The operational parameters are reported in Table 3 : sedimentation rate, coagulant and flocculant dose, filter medium and run length. The concentrations of helminth ova, faecal coliforms, Salmonella and protozoan cysts were determined before and after each stage of treatment according to Standard Methods (APHA, 1995) and US EPA (1992). For the alkaline stabilisation processes, conditioning was done on 30 samples of sludge from three of the APT processes (SB, FBD, PP), with applied lime doses of 15, 20, 25, 30 and 40% (weight CaO/weight dry sludge). For acid treatment, the same number of samples was used and the sludge came from a conventional APT plant. The concentrations used were: sulphuric acid (20%), perchloric acid (20%), peracetic acid (3.7%) and acetic acid (50%). A jar test apparatus was used to conduct the treatments with a mixing velocity of 320 rpm and a 30 min contact time.
Results and discussion
The most efficient pathogen removal was observed in the SB, FBD and PP processes with helminths being reduced from 26, 24 and 27 to 1.2 ova/L and cysts from 1,007, 1,223 and 1,326 to 380, 400 and 413 cysts/L respectively. Faecal coliforms and Salmonella were reduced by 1 log. After treatment with an upflow sand filter, the concentrations were reduced from 1.2 to 0.2 ova/L, 380 to 189 cysts/L (Giardia lamblia, Entamoeba coli and E histolytica) and 1 log for the bacteria. These results indicated the need for an additional disinfection step considering that the concentrations of cysts, Salmonella, and faecal Table 2 Examples of physicochemical processes for sludge stabilisation (US EPA, 1992; Jiménez et al., 1999 Jiménez et al., , 2000 Type Characteristics
Alkaline Conventional treatment, achieved by the addition of quicklime, which increases the temperature (> 55 ºC) and pH (to at least 12) for a minimum of 2 h contact time thus assuring the pathogen destruction Acid Not conventional, the addition of acid achieves pathogen destruction that is directly proportional to the decrease in pH units and contact time Sludge classified as Type A or Type B must contain concentrations of faecal coliforms <1,000 and <2×10 6 MPN/g TS, respectively coliforms greatly exceeded the acceptable limits for reuse. The removals of helminth ova, faecal coliforms, Salmonella and protozoan cysts by the APT processes and filtration are shown in Figure 1 . In terms of the sludge, alkaline stabilisation reduced the concentrations of helminth ova from 65 to 2 ova/gTS, and both faecal coliforms and Salmonella were reduced by 8.5 logs with a lime dose of 30-40% (wt/wt). The most effective acids were acetic and peracetic; treatment with 20,000 mg/L reduced the concentration of helminth ova from 120 to 2 ova/gTS and of faecal coliforms and Salmonella by 4.5 logs. Both the alkaline and acid processes produced Type A biosolids in terms of the bacteriological quality. Table 4 shows the results of physicochemical processes removal and efficiency in wastewater and sludge.
Conclusions
The combination of APT with upflow sand filtration reduced the high concentration of helminth ova in wastewater from Mexico City (0.2 ova/L) and produced an effluent well-suited for a disinfection process in order to comply with the World Health Organization recommendations for agricultural irrigation in terms of faecal coliforms APT SB 26 10 8 10 6 1007 1.2 10 7 10 5 380 96 1 1 62 FBD 24 10 8 10 6 1223 1.2 10 7 10 5 400 95 1 1 67 BF 23 10 8 10 6 1337 4.0 10 7 10 5 429 83 1 1 68 PP 27 10 8 10 6 1326 1.2 10 7 10 5 413 96 1 1 69 C 2 6 1 0 8 10 6 1814 1.6 10 7 10 5 524 94 1 1 71 Upflow sand filtration 1.2 10 7 10 5 380 0.2 10 6 10 4 189 83 1 1 50 Alkaline 30-40% 65 10 11 10 10 ND 2.0 300 30 ND 97 8. (<1,000 MPN/100 mL). It is suggested that protozoan cysts also be used as pollution indicators in addition to helminth ova and faecal coliforms, given the high public health risk they present to the general population because of their high concentrations in wastewater from Mexico City (1,007-1,814 cysts/L) and low infective dose (1-10 cysts) Of the five APT plus filtration technologies compared, the two that achieved the best results in terms of helminth removal were the sludge bed (SB) and inclined parallel plates (PP) (96% removal). Although the flocculation with ballasts and decantation (FBD) had the same removal of helminth ova, its subsequent filter was affected by continuous sand lost during the process and the filter used with the clariflocculation (C) process had the shortest run times (8h) because the filter clogged rapidly.
Due to the pH increase (>12) and temperature increase (>57ºC), the alkaline stabilisation process achieved Type B biosolids with doses of 15% and 20%, whereas doses of 25-40% produced Type A biosolids. In terms of acid treatment, Type A biosolids were obtained with all except the perchloric acid.
Given that the concentrations of faecal coliforms and Salmonella were reduced by the same amount during physicochemical processes in wastewater and sludge, it is recommended that faecal coliforms be used to estimate, indirectly, the inactivation of bacterial pathogens.
